Abstract. The seasonal variation of thermal, haline, net surface buoyancy flux, the Monin-Obukhov length (M-O length, L) and stability parameter, i.e. the ratio of M-O length to mixed layer depth (h) were studied in the Bay of Bengal (BoB) and the Arabian Sea (AS) for the years 2003 and 2004 using Argo temperature and salinity profiles. The relative quantitative influence of winds to surface buoyancy and the applicability of scaling mixed layer using M-O length in BoB and AS was brought out. Rotation and light penetration modify the mixed layer depth from M-O length during shoaling in spring giving L/ h<1.
Introduction
The Arabian Sea (AS) and Bay of Bengal (BoB) are two basins in the north Indian Ocean that are influenced by seasonally reversing monsoonal wind forcing. The freshwater forcing between these two basins is contrasting. Precipitation (P) exceeds evaporation (E) in the Bay, whereas evaporation exceeds precipitation in the AS. The freshness of BoB is due to excess precipitation over evaporation and due to large amounts of river discharge into the Bay. Hence the surface layer in the Bay is much fresher than that in the Arabian Sea. Very few studies exist on the quantitative role of thermal, haline (due to fresh water content) and net buoyancy against the mechanical mixing in Bay of Bengal and Arabian Sea using observations. Weller et al. (2002) explored the relative importance of wind mixing and surface buoyancy forcing in mixed-layer deepening in the AS during October 1994 to October 1995 and found that wind mixing Correspondence to: G. Anitha (anitha@incois.gov.in) is the primary driver of mixed-layer deepening during the summer monsoon (June-September) while convective deepening driven by surface buoyancy fluxes is more important during the winter monsoon (December-February). Shenoi et al. (2002) , using a model as well as Levitus and Boyer climatology have shown that the energy available for mixing the upper 50 m is greater by an order of magnitude in the Arabian Sea than that in the Bay of Bengal during the summer monsoon. They also found that the energy required for mixing the top 50 m in the Bay of Bengal is about three times greater than that in the Arabian Sea. They concluded that the weaker winds over the Bay of Bengal are incapable of mixing the strongly stratified surface waters. By conducting different experiments using a 1-D model, Prasad (2004) concluded that humidity is the controlling factor rather than the salinity which is responsible for the buoyancy difference between the two basins. However, comparative studies of the depth of influence of wind stress versus buoyancy forcing and the applicability of M-O scaling in both the basins for the entire year using observations are not present. In this study we bring out quantitatively the role of freshwater, thermal and net surface buoyancy based on Argo and other observations and the applicability of M-O scaling during different seasons.
Data and methods
Argo floats are autonomous profiling floats with CTD sensors that measure temperature and salinity in the ocean as a function of depth. The details of the global profiling float project and its data communication are found in Argo Science Team (1998) and Ravichandran et al. (2004) . The study region is Bay of Bengal and Arabian Sea. The area enclosed by 60 E to 70 E and 10 N to 19 N is considered to represent the central Arabian Sea and that enclosed by 85 E to 95 E and 10 N to 19 N to represent central Bay of Bengal. The temperature and salinity profiles from all the Argo floats falling in these Borkowski and Goulet (1971) . A total of 1088 profiles in AS and 470 profiles in BoB were analysed for the study. The representative regions and the profiles' locations are shown in Fig. 1 .
We used the 0.25 • ×0.25 • fields of wind parameters measured by Quickscat and 1 • ×1 • precipitation from the Global Precipitation Climatology Project (GPCP) data set. The net heat flux is obtained from the Southampton Climatology Oceanography Centre (SOC) surface climatology, available at the website www.coaps.fsu.edu. A correlation coefficient of 0.641 is obtained for the SOC net heat flux with that of the WHOI mooring site observations. The SOC climatology monthly mean net heat flux (NHF) is found to be within 20 W/m 2 of the WHOI mooring in the Arabian Sea (Josey et al., 1999) . The errors thus propagating into the derived parameters are computed using a differential method and the corresponding errors are depicted as error bars in the plots. Mixed layer depth (MLD) is defined as the deepest depth where the density is higher by 0.20 Kg/m 3 from 10-m depth. The net surface buoyancy B o is computed using
(1)
where B q is thermal buoyancy, B p is haline (due to fresh water) buoyancy, g is gravity, Q 0 is net heat flux, ρ is ocean water density, C p is the specific heat of water, S o is surface salinity, P is precipitation, α is the thermal co-efficient of expansion and β is coefficient of haline contraction. The error propagated into the net buoyancy flux due to the error in NHF is computed to be ±6.63×10 −9 m 2 /s 3 . The Monin-Obukhov length, L, is computed using the Argo temperature and salinity profile and quickscat wind data using the formulation
where Von Karman's constant is κ=0.41. Friction velocity U 3 * is calculated from the surface wind-stress using U
where τ 0 is wind-stress and ρ is ocean water density. 
Discussion

Surface buoyancy flux
Buoyancy flux through the surface helps determine the stability of the upper ocean. At the sea surface, surface warming (heat gain by the ocean) or precipitation tends to make the ocean surface more buoyant and contributes to stable conditions. Conversely, surface cooling or evaporation tends to make the ocean surface less buoyant and contributes to an increase in density of the surface water and so to a convectively unstable condition. The net surface buoyancy flux in both the basins is largest during summer monsoon months, i.e. June to September, and looks similar in pattern ( Fig. 2a) with a lull during August (2003 . However, in BoB, the net surface buoyancy continues to be large in fall, i.e. during late September and October, which is a manifestation of the large fresh water content. This is reasoned by observing the two components of buoyancy fluxes. During this part of the year the fresh water buoyancy is the major contributor, whereas the thermal component is minute and also almost equal in both the basins (Fig. 2a, b, c, d ). This freshness of BoB is due to excess precipitation and heavy river discharge (the measured salinity by Argo float S 0 is due to both precipitation as well as river discharge). The net surface buoyancy flux in both BoB and AS is always positive except in December. In AS, few negative spikes in July-August and November- (Fig. 2a) is that during September and October, added to the monsoon rains, the river influx makes the Bay even more fresh, whereas in AS, by this time, the monsoon starts receding and hence the surface buoyancy flux in BoB becomes very large and more stable compared to AS. This is a direct result from high amounts of precipitation as well as river inflow in BoB which is seen in buoyancy due to the fresh water flux Bp (Fig. 2b) . During the other time of the year, the net surface buoyancy in both the basins is small and less than 1×10 −7 m 2 /s 3 .
In both AS and BoB the net buoyancy flux is dominated by that due to fresh water and hence the net buoyancy is an annual harmonic rather than semiannual, as in buoyancy due to the thermal component B q (Fig. 2c) . The net buoyancy flux is more than three times during the summer monsoon compared to rest of the year (Fig. 2a) . The surface buoyancy due to freshwater flux is more than double in BoB than in AS during the peak monsoon period (Fig. 2b) . The ratio of fresh water buoyancy to thermal buoyancy (Fig. 2d) 
M-O Length and L/ h
The Monin-Obukhov length (M-O length, L) is the depth at which the wind generated turbulence is balanced by the buoyancy due to surface warming and freshening (salting) by precipitation (evaporation). In both BoB and AS, the M-O length (Fig. 3d) exhibits a large negative peak during the summer monsoon months. In Bay of Bengal the M-O length during the summer monsoon ranges between 20 m-45 m. These large values of M-O length during summer monsoon are due to large winds (friction velocity shown in Fig. 3a) . M-O length in AS is semiannual with large values during the summer monsoon, owing to high wind stress, whereas in BoB even though the winds are as high the net surface buoyancy is very large and this restricts M-O length to shallower depths. The large values of L in AS during the summer monsoon range between 40 m-150 m. These large values in AS during July-August are attributed to reduced buoyancy in AS compared to BoB, even though both the observational regions experience the same wind-stress (Fig. 3a) .
During the winter monsoon months of November and January, the M-O length exhibits a negative peak. But during December the net heat flux in both the basins AS and BoB is out of the ocean and is negative. The net buoyancy flux is dominated by the thermal buoyancy during December and thus is resulting in a small negative net buoyancy. Hence a positive M-O length is observed in both the basins during December, indicating convective instability. This implies that the upper ocean is convectively unstable in December. However, the small magnitude of monthly averaged net negative buoyancy results in very high L values, leading to large errors in magnitude (L and L/ h values for December are hence not shown).
During the inter-monsoon periods of spring (March-April) and fall (September-October), the M-O length is very small in both AS and BoB. After the summer monsoon when the M-O length reaches maximum depth, the fall season begins during which time the M-O length in BoB decreases from a maximum at 40-m depth to less than 5 m. In BoB, during the spring inter-monsoon (March-April) L values of around 6 m-10 m due to very low winds (Fig. 3a) are observed. During this season the surface starts gaining buoyancy as the ocean starts gaining heat. Except in December when the net heat flux is negative, the M-O length is always negative in BoB for both 2003 and 2004 . These negative values of L imply that the ocean is always stable (except in December).
Both M-O length L and L/ h are greater in AS than in BoB during the summer monsoon months. The changes in L/ h values (Fig. 3c) are much a reflection of those in M-O length (Fig. 3d) , despite the mixed layer depth (h) in AS ( Fig. 3b) being much larger than in the Bay of Bengal. This is due to the relative changes in surface buoyancy forcing and wind forcing. When |L/ h|>1, the mixed layer is dominated by wind mixing. On the other hand, when |L/ h|<1 wind energy available to mix is much less and could mix only a few top layers of the ocean, and the balance between thermal buoyancy and wind energy is achieved at a very small depth L. In the Arabian Sea the L/ h plot shows very large values during the summer monsoon months, during both the years, indicating a very highly wind dominated region. On the other hand, the L/ h values during the summer monsoon months of 2004 in Bay of Bengal (Fig. 3c) are less than one indicating that wind mixing is confined by buoyancy effects to some upper layers limited by L. However, during the inter-monsoons spring (March-April) and fall months (September-October), the L/ h values in both BoB and AS are small and negative, showing a dominancy of buoyancy gain where the ocean gains heat during spring and fall. During the spring period, the MLD starts shoaling, but MLD is greater than the M-O length and the depth of this remnant interfacial layer between the M-O length and MLD depends on the history of wind forcing and the rotation U * /f (Garwood, 1987; Alexander et al., 2000) . Figure 4 shows the time depth sections of temperature with mixed layer depth and the depth of isothermal layer overlaid, obtained from one Argo float with WMO ID 2900093 in BoB (Fig. 4a) and one in AS (Fig. 4b) with WMO ID 2900090 for the two years [2003] [2004] . From this figure it is seen that the thermal penetration is much deeper during spring for both the floats and hence influences the depth of the mixed layer to become deeper.
When L/ h<0.5 and positive, the mixed layer is dominated by convectively driven turbulence. Conversely, during the winter monsoon there are periods of large (negative during November and January and positive during December) values of |L/ h|, indicating convective instability because of buoyancy loss as well as wind driven turbulence. This convective instability leads to a deeper mixed layer. During winter monsoon in both BoB and AS the L/ h values are similar.
These large values of L/ h indicate that both winds and buoyancy contribute towards increasing the mixed layer depth on a monthly scale.
Summary
In both AS and BoB the net buoyancy flux is dominated by the fresh water buoyancy flux and hence in both the basins the net buoyancy is an annual harmonic rather than semiannual, as in the buoyancy due to the thermal component. The surface buoyancy is very high in BoB compared to AS throughout the two years, indicating a very highly stable upper ocean in BoB compared to AS. The net surface buoyancy continues to be large during September and October in BoB, which is a manifestation of the fresh water content in Bay of Bengal. During spring and fall, light penetration and rotation effects modify the MLD below the wind mixed layer L. An improved understanding of the oceanic buoyancy field will improve our understanding and prediction of seasonal and interannual changes in oceanic circulation and the feedback between oceanic circulation and the climate.
